Our understanding of how male seminal fluid proteins (SFPs) influence the outcome of copulation in a wide range of insect taxa has been fueled primarily by studies of Drosophila (1). SFPs are known to localize, after copulation, to specific regions of the female reproductive tract and nervous system. Manipulative studies revealed that these proteins control a number of postcopulatory processes, such as sperm storage and retrieval and female egg production and remating (2) . Proteins produced by the female reproductive tract have been identified (3, 4) and also mediate molecular interactions between the sexes. The influences of SFPs on female reproduction have been considered largely in a purely physiological way. A newly characterized and critical aspect of male-female interactions is revealed in the PNAS paper by Mattei et al. (5) , who used micro-CT scans to prepare 3D reconstructions of the female reproductive tract before, during, and after mating. Copulation produces a dynamic series of dramatic conformational changes in the mated female reproductive tract, changes never visible previously in studies with dissected material. Moreover, Mattei et al. (5) demonstrate the roles of particular male seminal components in mediating these morphological changes inside the female. In the age of molecular biology and signaling, interest in more traditional descriptive disciplines, such as morphology, became obsolete. Now, however, we see that morphology is anything but static and that, in fact, the coordinated changes in morphology following mating are what are ultimately responsible for whether reproduction will be completed.
Structural Studies of Reproduction
Morphological aspects of Drosophila reproduction were observed and reported upon long before molecular ones. The extraordinary interspecific variation in female traits, such as ovariole number, sperm storage organs, and uterine shapes, as well as testes and accessory glands, has been beautifully detailed (6, 7) . Understanding the functional aspects of this astounding variation in reproductive morphology, however, was not a major focus of the earlier studies. Certain functional aspects of the variation were obvious, however, from the structures themselves. For example, in species where females had excessively long ventral receptacles, conspecific males tended to have excessively long testes (6, 7).
Mattei et al. raise the question of whether a relationship exists between the conserved vs. rapidly evolving morphology and conserved and rapidly evolving molecules during the speciation process.
Postmating changes in insect female reproductive morphology have been known for some time, but they have not been particularly numerous or varied. Visible changes consisted primarily of observations of mating plugs of various types seen in dissected material. In some species, mating plugs are small and unaccompanied by major morphological changes in female reproductive structures. In other species, however, mating plugs form masses that greatly extend the size and shape of the female uterus and require hours to disappear. Again, these changes were observed routinely in dissected material, and the relationship between altered uterine shape or size and any coordinated conformational changes in other parts of the female tract was not documented. An early hint of the importance of molecular interactions in orchestrating these structural changes, however, came from interspecific matings. In conspecific matings in repleta group species, such as Drosophila mulleri, Drosophila mojavensis, and Drosophila arizonae (8), the uterine expansion normally lasted 5 or 6 h. When mated to a heterospecific male, however, the magnitude of the change in uterine size was often dramatically larger and, in some cases, never disappeared. Clearly hinting at some sort of incompatibility between the sexes, and one that is extreme when the mating occurs between species, a molecular basis for these changes was elusive. At the time, Avery et al. (9) had only just published their evidence that DNA was the hereditary material, and, in 1952, Hershey and Chase (10) were able to disprove the still popular notion that it was protein and not DNA. The idea that specific molecules, under genetic control, could be responsible for morphological reactions in the female was in its infancy.
Molecular Components of Drosophila Reproduction
Likewise, the earliest molecular studies of reproductive molecules were unconnected to morphology. A "sex peptide" was first mentioned by Fox (11) in 1956, from spots in chromatograms of male and female Drosophila melanogaster. Now known as accessory gland protein 70A (Acp70A), it finally was purified in 1970 (12) , but the sequence of 36 amino acids was not reported until 18 y later (13) . The explosive discovery of additional SFPs started with work from the same laboratory that produced the PNAS paper by Mattei et al. (5) . Chapman and Wolfner (14) and DiBenedetto et al. (15) began examining the transcripts from male accessory glands, ultimately discovering, through collaborations with various students and postdoctoral scholars, more than 200 Acps. The ejaculatory duct and bulb are additional sources of SFPs, with multiple influences on the mated female (16) . Using KOs and knockdowns, numerous studies revealed roles of SFPs in sperm storage and retrieval; oogenesis stimulation and ovulation; and female remating, longevity, feeding, and siesta sleep (17, 18) . SPFs mediate at least some of these roles by causing release of neuromodulators in different parts of the mated female reproductive tract (19) .
Molecules Meet Morphology
The range of known physiological effects of SFPs lacked a morphological face until now. With the PNAS paper by Mattei et al. (5), we see the SFPs produce stereotypic, coordinated morphological changes in the entire female reproductive tract. Without these coordinated changes, reproduction fails. Thus, the morphological changes and their sequences are at the interface between the reproductive molecules and the successful outcome of copulation.
The micro-CT scans show conformational changes in the uterus, oviducts, and ovaries taking place in a highly stereotyped and coordinated manner. Moreover, mutants that selectively knock out germ cells or reproductive tract secretions reveal relative roles of female and male gametes vs. reproductive tract proteins on the normal series of structural modifications. For example, the postmating coiling and subsequent straightening of the oviduct depend upon the male protein ovulin (Acp 26Aa), whereas an ejaculatory bulb protein, PEBme, is critical in causing not only the uterine swelling associated with the mating plug but also a distinct constriction in the anterior part of this organ. These postcopulatory conformational changes assist in sperm storage and retrieval, and their absence also is expected to result in failed oviposition of fertilized eggs.
Morphology Meets Morphology
Previous studies of genital coupling (20, 21) hinted at the importance of structural interactions during copulation. Male insect genitalia evolve rapidly, often serving as the primary character separating related species. The micro-CT scan approach of Mattei et al. (5) exposes the fine-scale interdigitation of male and female structures during copulation, opening previously unidentified avenues to understand how genitalic diversification relates to reproductive isolation and speciation.
Mattei et al. (5) also reveal a type of copulatory wounding, a piercing of the female intima by the male intromittent organ, not seen before in D. melanogaster. Although twin spots in the female reproductive tract where contact with male structures had been revealed in fixed material were reported in an earlier study (21) , they are not observed in the present study. Instead, a single site of piercing is obvious and consistent. Although the effects of many SFPs on female behavior are well documented (2), the routes by which SFPs enter the female hemolymph have remained a mystery. In the absence of receptors and transporters, a logical and highly efficient mechanism would be direct entry through a wound in the reproductive tract.
Novel Approaches to Fundamental Biological Problems
Many structural features of insect reproductive systems are highly conserved across taxa. The sizes and shapes of reproductive structures, however, show astounding interspecific variation in both sexes. Interestingly, molecular variation exhibits the same pattern as structural variation: Some reproductive tract proteins are highly conserved across distant taxa, whereas others evolve rapidly between species. With respect to speciation and the evolution of a reproductive isolating mechanism, incompatibilities occurring after copulation but before fertilization are of increasing interest but are among the most difficult to observe because they occur inside the mated female. The observations of Mattei et al. (5) raise the question of whether a relationship exists between the conserved vs. rapidly evolving morphology and conserved and rapidly evolving molecules during the speciation process. The interplay between morphology and molecules likely underlies the process of assortative fertilization (22) in ways that now can be probed using techniques like micro-CT scans coupled with clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 methodology. If the postmating conformational changes in the female are induced by molecules from their mates, can the highly diverged male proteins from one species induce the required conformational changes in a heterospecific female? Are these molecular impacts on critical conformational changes more or less important than the close interdigitation of genitalic structures in species reproductive barriers?
SFPs in disease-vectoring mosquitoes (23) and in economically important insects, such as flour beetles (24), honey bees (25) , and Mediterranean fruit flies (26) , also have been characterized, and their effects on female reproductive physiology have been documented. Probing postcopulatory reproductive processes in these species using micro-CT and CRISPER/CA9 can expand our understanding of reproduction in these pests and disease vectors and suggest new targets to control their reproduction.
